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a b s t r a c t
GEMS-0067 maize starch contains up to 32% elongated starch granules, much higher than amylose-
extender (ae) single-mutant maize starch (7%) and normal (non-mutant) maize starch (0%). These elon-
gated granules are highly resistant to enzymatic hydrolysis at 95–100 C, which function as resistant
starch. The structure and formation of these elongated starch granules, however, were not known. In this
study, light, confocal laser-scanning, scanning electron, and transmission electron microscopy were used
to reveal the structure and formation of these elongated starch granules. The transmission electron
micrographs showed fusion through amylose interaction between adjacent small granules in the amylo-
plast at the early stage of granule development. A mechanistic model for the formation of elongated
starch granules is proposed.
 2009 Elsevier Ltd. All rights reserved.
1. Introduction
Starchexistswidely in seeds, roots, tubers, and fruits as anenergy
reserve of plants (Robyt, 1998). Because starch is a renewable,
economical, and environmentally friendly biopolymer, it is widely
used in food and non-food applications, such as a thickener, binder,
ﬁlm, and foam (Richardson, Jeffcoat, & Shi, 2000). There has been an
increased interest in producing resistant starch (RS) fromhigh-amy-
losemaize starch. RS is a portion of starch that cannot be hydrolyzed
by human digestive enzymes and functions as a prebiotic for bacte-
rial fermentation in the large intestine (Englyst & Cummings, 1985;
Englyst&Macfarlane, 1986). RS fromhigh-amylosemaize starchhas
been reported to provide many health beneﬁts. When RS is used to
replace rapidly digestible starch in food, it lowers the glycemic and
insulin responses and reduces the risk for developing type II diabe-
tes, obesity, and cardiovascular disease (Behall, Scholﬁeld, & Hall-
frisch, 2006a; Behall, Scholﬁeld, Hallfrisch, & Liljeberg-Elmstaahl,
2006b; Robertson, Bickerton, Dennis, Vidal, & Frayn, 2005; Robert-
son, Currie, Morgan, Jewell, & Frayn, 2003; Zhang, Wang, Zhang, &
Yang, 2007). RS lowers calories of foods (Behall & Howe, 1996) and
enhances lipid oxidation (Higgins et al., 2004), which reduce body
fat and impact body composition (Pawlak, Kushner, & Ludwig,
2004). Fermentation of RS in the colon promotes a healthy colon
and reduces the risk of colon cancer (Dronamraju, Coxhead, Kelly,
Burn, & Mathers, 2009; Van Munster, Tangerman, & Nagengast,
1994).
Normal maize starch contains less than 1% RS (AOAC, 2003),
whereas starch of maize ae single-mutant has 15% RS (Li, Jiang,
Campbell, Blanco, & Jane, 2008). A recently developed GEMS-
0067 high-amylose maize starch, through the USDA-ARS Germ-
plasm Enhancement of Maize (GEM) Project, contains up to
43.2% RS (Li et al., 2008). The GEMS-0067 is an inbred line of maize
homozygous mutant of ae gene and a high-amylose modiﬁer
(HAM) gene (Campbell, Jane, Pollak, Blanco, & O’Brien, 2007).
Normal maize starch is composed of 30% primarily linear
amylose and 70% highly-branched amylopectin, which are orga-
nized in granules with a semi-crystalline structure of double heli-
ces. Amylose is a polysaccharide of essentially (1?4)-linked a-D-
glucopyranose, and exists in an amorphous state within the normal
maize starch granule. Amylopectin molecules consist of (a1?6)
linked branch-chains of (1?4) a-D-glucopyranose, which contrib-
ute to the crystallinity of starch (French, 1984; Jane, Xu, Radosavlj-
evic, & Seib, 1992; Kasemsuwan & Jane, 1994). The GEMS-0067
starch consists of 85% amylose, much greater than normal maize
starch (30%) and starches of maize ae single-mutant (50–70%) (Li,
Blanco, & Jane, 2007; Li et al., 2008).
Normal maize starch has starch granules with spherical and
angular shapes, whereas high-amylose maize (ae single-mutant)
starch consists of 7% elongated granules (Jiang, Campbell, Blanco,
& Jane, 2009; Perera, Lu, Sell, & Jane, 2001). The GEMS-0067 starch
consists of up to 32% elongated starch granules (Jiang et al., 2010).
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The elongated starch granules and the outer layer of the spherical
starch granules are highly resistant to enzymatic hydrolysis and re-
main in the RS residue that consists of partially hydrolyzed amylose
with molecular weights of DP 411–675 (Jiang et al., 2010). It is of
great interest to understand how the elongated starch granules are
formed during kernel development and the RS formation in the
high-amylose maize starch. In this study, we used different micro-
scopic approaches to reveal the internal structures and the forma-
tion of elongated starch granules during kernel development.
Combining these results with the chemical structures of the starch
crystallites reported previously (Jiang et al., 2010), we propose a
mechanism of the development of elongated granules.
2. Materials and methods
2.1. Materials
GEMS-0067 (High-amylose maize) and B73 (normal maize)
maize lines were planted in the ﬁeld at the USDA-ARS North Central
Regional Plant Introduction Station (NCRPIS) in Ames, IA in 2007.
Plants were self-pollinated by hand pollination, and ears of GEMS-
0067 and B73 were harvested on 20 days after pollination (DAP)
andafter thephysiologicalmaturationof themaizekernels (54DAP).
2.2. Starch isolation
Starch was isolated from mature maize endosperm using the
method described by Li et al. (2008).
2.3. Scanning electron microscopy
Images of the starch granules were collected using a scanning
electron microscope (JEOL 5800, www.jeol.com) in the Microscopy
and NanoImaging Facility, Iowa State University, Ames IA 50011.
The starch samples were coated with palladium-gold (60:40) and
viewed at 10 kV.
2.4. Light microscopy
Native starch granules were viewed and imaged using polariz-
ing and phase-contrast optics using a compound light microscope
(Zeiss Axioplan 2, www.zeiss.com) equipped with a digital Axio-
Cam MRC color camera and Axiovison rel 4.5 software.
2.5. Confocal laser-scanning microscopy (CLSM)
The CLSM was conducted following the method described by
Glaring, Koch, and Blennow (2006). Starch (12% MC, 4.0 mg) was
dried at 45 C using a centrifugal vacuum evaporator for 2 h. Four
lL of 8-aminopyrene-1,3,6-trisulfonic acid (APTS, Cat. No. 09341,
www.sigmaaldrich.com) solution (0.02 M APTS in 15% acetic acid)
and 4 lL of sodium cyanoborohydride (1 M in tetrahydrofuran,
Cat. No. 296813, www.sigmaaldrich.com) were added to the dried
starch sample. The mixture was incubated at 30 C for 16 h. The
APTS-stained starch granules were viewed using a confocal laser-
scanning microscope (TCS SP5 X, www.leica.com) at the Confocal
Microscopyand ImageAnalysis Facility, IowaStateUniversity, Ames
IA 50011. A laser beamwith 488 nmwavelength was used for exci-
tation. The emission peak was detected between 500 and 535 nm.
2.6. Transmission electron microscopy (TEM)
The endosperm tissues of GEMS-0067 and B73 kernels har-
vested on 20 DAP were prepared for TEM following the method
of Horner et al. (2007). Observations of the ﬁxed tissues were made
using a transmission electron microscope (JEOL 2100, www.jeol.-
com), and images were captured using a high-resolution digital
camera (U-1000, www.gatan.com).
3. Results and discussion
3.1. Morphology of GEMS-0067 starch granules
GEMS-0067 starch consisted of mainly spherical and elongated
starch granules (Fig. 1) as reported by Jiang et al. (Jiang et al.,
2010). The elongated starch granules displayed shapes including
rods, ﬁlaments, and triangles (Fig. 1). It has been shown that maize
ae-mutant starches contain elongated granules (Boyer, Daniels, &
Shannon, 1976; Mercier, Charbonniere, Gallant, & Guilbot, 1970;
Shi & Jeffcoat, 2001; Sidebottom, Kirkland, Strongitharm, & Jeffcoat,
1998; Wolf, Seckinger, & Dimler, 1964) and normal maize starch
contains starch granules mainly with spherical and angular shapes
(Perera et al., 2001; Wongsagonsup, Varavinit, & BeMiller, 2008).
The proportion of the elongated starch granules in the maize ae-
mutant starches increases with the increase in amylose content
(Jiang et al., 2010).
3.2. Birefringence of GEMS-0067 starch granules
The starch granules were viewed both with polarizing (Fig. 2A)
and phase-contrast light microscopy (Fig. 2B). Between crossed
polarizers, GEMS-0067 starch granules displayed different patterns
of birefringence (Fig. 2A). Most spherical starch granules exhibited
bright Maltese-crosses (Fig. 2A-a), which were similar to those ob-
served in normal maize starch granules (Wongsagonsup et al.,
2008). This birefringence pattern indicated that the starch mole-
cules were aligned in a radial order centered at the hilum (growth
center) and were perpendicular to the granule surface. The bire-
fringence patterns of elongated starch granules varied and could
be classiﬁed into 3 types: type 1 birefringence pattern displayed
overlapping of several Maltese-crosses (Fig. 2A-b–d); type 2 bire-
fringence pattern consisted of combinations of one or more Mal-
tese-crosses and weak to no birefringence on other parts of the
granule (Fig. 2A-e and f); and type 3 exhibited no birefringence
Fig. 1. Scanning electron microscope images of physiologically matured GEMS-
0067 starch granules show spherical and elongated granules. Arrows indicate
spherical (S), rod (R), ﬁlamentous (F), and triangular (T) starch granules.
Bar = 10 lm.
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or only weak birefringence along the edge of the elongated granule
(Fig. 2A-g and h). The birefringence patterns of the GEMS-0067
starch granules agreed with that of high-amylose starch reported
by Wolf et al. (1964).
Birefringence patterns are results of orderly aligned polymers or
crystallites. Thus, the birefringence patterns of starch granules pro-
vide information about the orientations and alignments of starch
molecules in different regions of the granule (French, 1984). The
different birefringence patterns of the GEMS-0067 starch granules
indicated that the arrangement of starch molecules varied between
granules and within a granule. The overlapping of several Maltese
crosses (Fig. 2A-b–d) in one granule could result from the fusion of
starch granules within an amyloplast during the kernel
development.
3.3. Internal structure of elongated starch granules
The reductive amination of reducing sugar with a ﬂuorophore,
8-aminopyrene-1,3,6-trisulfonic acid (APTS), has been well studied
(Morell, Samuel, & O’Shea, 1998; O’Shea et al., 1998). Because amy-
lose and amylopectin molecules possess reducing ends that could
be attached by APTS, CLSM images of APTS-stained starch granules
provided information about the internal structure of the starch
granules (Glaring et al., 2006). The CLSM images show most spher-
ical granules displaying bright color around one hilum (Fig. 3a),
indicating that each of the resulting spherical granules was devel-
Fig. 2. Polarized (A) and phase-contrast (B) images of GEMS-0067 native starches. (a) spherical granule displaying a single bright Maltese-cross; (b), (c), and (d) type 1
birefringence pattern displaying overlapping of several Maltese-crosses; (e) and (f) type 2 birefringence pattern consisting of one or more Maltese-crosses and weak to no
birefringence for remainder of granule; (g) and (h) type 3 birefringence pattern exhibiting weak birefringence along periphery of granule or no birefringence of granule.
Bar = 10 lm for all ﬁgures.
Fig. 3. Confocal laser-scanning microscope images of GEMS-0067 starch granules.
(a) spherical granule with bright color in center of granule; (b)–(g) elongated
granules with multiple regions differing in intensity of ﬂuorescence. Bar = 10 lm.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 4. Transmission electron microscope images of subaleurone layers of B73 (normal maize) endosperm tissue harvested on 20 DAP. (A) overview; (B) higher magniﬁcation
of A. (a) two starch granules initiated in one amyloplast; (b) amyloplast in division containing two starch granules; m, membrane of amyloplast. Bars = 2 lm on A and 0.5 lm
on B.
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oped from one single granule. The APTS-staining pattern of the
elongated granules revealed multiple regions with different inten-
sities of ﬂuorescence (Figs. 3b–g), similar to that observed by Glar-
ing et al. (Glaring et al., 2006), and indicating that the elongated
granules could be formed from the fusion of several small granules.
3.4. Formation of elongated starch granules
To understand starch granule formation during kernel develop-
ment, endosperm tissues of maize kernels at an early stage were
harvested on 20 days after pollination (DAP) and used for TEM
studies. TEM images of subaleurone layers from B73 (normal
maize) and GEMS-0067 endosperms are shown in Figs. 4 and 5,
respectively. Althoughmost mature amyloplasts in B73 endosperm
contained only one starch granule as reported by Shannon and
Garwood (1984), we observed some amyloplasts contained two
starch granules (Fig. 4B–a and b). Fig. 4B-b shows an amyloplast
in division containing two starch granules.
Although some amyloplasts at the subaleurone layer of GEMS-
0067 endosperm contained only one spherical granule and they
displayed normal growth rings and a hilum (Fig. 5A), the majority
of amyloplasts contained two or more starch granules (Fig. 5B).
Examples of features observed were two starch granules being ini-
tiated in one amyloplast, presumably at an early stage of granule
development (Fig. 5C); starch granules almost fused (Fig. 5D);
and two starch granules fused together forming an elongated
starch granule (Fig. 5E). The inner growth rings were each centered
around the two hila, but the outer growth rings were integrated
into one granule. This elongated starch granule, consisting of two
fused granules, agreed with the image of two Maltese-crosses ob-
served in one starch granule (Fig. 2A-b).
Fig. 5F shows two connected starch granules and a third starch
granule in the amyloplast protrusion. Three small granules were
fused into one granule (Fig. 5G), showing one small granule with
a hilum and growth rings, and the other two without hila or
growth rings. This elongated starch granule consisted of three
Fig. 5. Transmission electron microscope images of subaleurone layers of GEMS-0067 endosperm tissue harvested on 20 DAP. (A) spherical starch granule with a hilum at
center of granule and growth rings; (B) overview of endosperm tissue; (C) two starch granules initiated in one amyloplast at early stage of starch granule development; (D)
initial fusion of starch granules; (E) two fused starch granules forming an elongated starch granule; (F) two connected starch granules and a third starch granule in the
amyloplast protrusion; (G) three small granules fused into one granule, with one small granule at head showing hilum and growth rings, and the other two granules
displaying no hilum or growth rings; (H) elongated starch granule formed by fusion of three small granules, each with a hilum and growth rings; (I) four small starch granules,
each with an individual hilum, fused together and coated by several layers of growth rings parallel to boundary of amyloplast; (J) six starch granules, without hila and growth
rings, were fused in one amylosplast to form an almost spherical starch granule; m, membrane boundary of amyloplast. Black arrow indicates hilum. Bars = 2 lm on B, E, G, H,
I and J; and 1 lm on A, C, D and E.
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small granules displaying a birefringence pattern with one Mal-
tese-cross at the head and weak to no birefringence in the remain-
der of the elongated granule (Fig. 2A-e). Fig. 5H shows an elongated
starch granule formed from fusion of three small granules, each
with a hilum and growth rings. This elongated granule represents
the birefringence of the overlapping of Maltese-crosses in the
starch granule shown in Fig. 2A-c, and the APTS-stained starch
granules shown in Fig. 3c and f.
Fig. 5I shows four small starch granules, each with an individual
hilum, fused together and displaying several layers of growth rings
parallel to the boundary of the amyloplast. This granule is similar
to the APTS-stained starch granules shown in Fig. 3b, d, and e.
And in Fig. 5J, six starch granules, without hila and growth rings,
were fused in one amylosplast to form an almost spherical starch
granule. This granule would have no birefringence when viewed
between crossed polarizers.
The TEM images suggest that elongated starch granules are
formed from fusion of several small granules, each initiated early
in the kernel development. These results support the different bire-
fringence patterns observed using polarizing microscopy and
APTS-staining patterns with CLSM for GEMS-0067 starch granules.
These fused granules, however, were not observed with B73 nor-
mal maize starch.
3.5. Proposed formation mechanism of elongated starch granules
The multiple high-amylose maize starch granules (Fig. 5) ap-
pear to fail to separate and retard amyloplast division, resulting
in elongated starch granules. Because the GEMS-0067 starch con-
sists of 85% amylose and the proportion of the elongated starch
granules correlates with the amylose content of the starch (Jiang
et al., in press), it is plausible that the amylose molecules of an
individual granule in the amyloplast interact and form anti-parallel
double helices with amylose molecules of an adjacent granule.
These double helices bind the two adjacent granules together
and prevent amyloplast division. These fused granules have contin-
uous outer layers, which consist of more amylose (Jiang et al.,
2010) resulting from the increase in activity of granular-bound
starch synthase at later stages of the kernel development (Sidebot-
tom et al., 1998). The long-chain double helical crystallites formed
from amylose molecules have melting temperatures above the
boiling-water temperature, which retain the semi-crystalline
structure and, in turn, maintain the granular shape of the elon-
gated starch granules after thermally stable a-amylase hydrolysis
at 95–100 C (Jiang et al., 2010). In normal maize starch granules,
amylose molecules are separated by amylopectin molecules (Jane
et al., 1992; Kasemsuwan & Jane, 1994) because of the low concen-
tration of amylose (Li et al., 2007). And the branch chains of amy-
lopectin molecules are not long enough to form stable anti-parallel
double helices between two adjacent granules in the normal maize
amyloplast. Thus, two starch granules separate along with amylo-
plast division, and each remains with a newly-formed amyloplast
(Fig. 4).
A proposed model of elongated starch granule formation is
shown in Fig. 6. Two starch granules, each with hilum and growth
rings, are initiated in an amyloplast (Fig. 6A). Then two granules
begin fusing by forming anti-parallel amylose double helices be-
tween two growing granules, which prevent the amyloplast divi-
sion (Fig. 6B). The two granules, after fusion, produce continuous
outer layers (Fig. 6C). To the best of our knowledge, this mechanis-
tic model is being proposed for the ﬁrst time in this study, and as-
sists the understanding of the formation of the elongated starch
granules and RS formation in high-amylose maize starch.
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